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Employing thermally stimulated current~TSC! technique, the existence of distinct trap distributions
in poly~p-phenylenevinylene! ~PPV! light-emitting devices has been established. In devices with an
indium tin-oxide~ITO! anode two TSC peaks in the temperature range between 100 and 150 K are
observed. They correspond to trap levels with a depth of 0.03–0.06 eV and 0.13–0.18 eV,
respectively. The total density of these trap species is of the order of 1016 cm23 which is in good
agreement with the dopant concentration obtained from capacitance-voltage measurements. The
investigated peaks in the TSC spectrum do not occur if a Au electrode is used instead of ITO.
Hence, the reaction of ITO with the elimination products~mainly HCl! during the conversion of the
PPV precursor leads to the formation of these shallow traps. Deeper trap states with energies
between 0.6 and 1 eV have been detected, too. The latter trapping levels appear independently of the
anode substrate material and are due to the influence of air. ©1998 American Institute of Physics.
@S0021-8979~98!02313-5#
I. INTRODUCTION
The electronic conductivity of poly~p-phenylene-
vinylene! ~PPV! prepared by the precursor route changes by
numerous orders of magnitude when doped with electron
acceptors.1,2 Already the exposure to air increases the con-
ductivity s of PPV ~converted at 300 °C in vacuum! within
seconds from less than 10215 S/cm to about 10213 S/cm at
room temperature.3 The activation energyEa obtained from
the temperature dependence ofs(T) also changes from 0.9
eV of pristine PPV to 0.5 eV of PPV exposed to air.3,4 The
adsorbed oxygen can be removed by annealing under
vacuum indicating a reversible doping process.
PPV prepared by the precursor route on an indium-tin-
oxide ~ITO! substrate, a technique often used for the prepa-
ration of polymer light-emitting devices~LEDs!, is subject to
additional chemical reactions of the precursor PPV leaving
groups with the ITO substrate. Especially, the reaction of
HCl with indium ~or indium oxide! leads to the formation of
the oxidizing agent InCl3.
5 This reaction leads to doping of
the PPV film, which has been proven and investigated by
current–voltage characteristics and capacitance–voltage
measurement on LEDs6–8 as well as with analytical methods
such as secondary ion mass spectroscopy, scanning electron
microscopy, and energy dispersive x-ray analysis.5,9 The p-
type doping causes in Al/PPV/ITO LEDs the formation of a
Schottky barrier at the Al/PPV interface and an ohmic con-
tact with low impedance at the PPV/ITO interface.
The subject of this article is to gain more information
about the dopant and trap species, especially their energy
levels, by means of thermally stimulated currents~TSC!. Af-
ter carefully testing whether this method can be used for the
characterization of PPV LEDs, we investigate the influence
of different anode substrates and conversion conditions of
the PPV precursor as well as of the environmental conditions
on the trap states.
II. EXPERIMENTAL DETAILS
Thermally stimulated current measurements were per-
formed in a continuous flow cryostat~Oxford Instruments
CF1200! using liquid helium or nitrogen. Two samples could
be measured simultaneously using two independent elec-
t ometers~Keithley 617! for better comparison of different
device configurations and fabrication procedures. The tem-
perature was measured with an Au-Fe/Chromel thermo-
couple placed close to the samples and controlled with a
temperature controller. The temperature range of the setup is
5 to 350 K and constant heating rates up to 10 K/min are
achievable. After mounting the samples into the cryostat, the
sample chamber was evacuated to 1025 mbar and filled with
He contact gas. The cryostat was cooled down to 5 K~or 80
K in the case of liquid nitrogen as coolant!. At this tempera-
ture, traps were filled by applying a constant current or volt-
age to the sample for a certain time~typically 5 min!. After
the trap filling procedure, the TSC measurements were per-
formed in short circuit mode in a two-probe configuration.
The measurement limit of the setup was less than 10213 A.
The samples were heated with a constant heating rateb
5dT/dt between 3 and 10 K/min. In preliminary measure-
ments we ensured that the observed peaks in the TSC spectra
of samples with PPV originate from thermally induced de-
trapping of carriers. If the peak position at a given heating
rate reflects the depth of a certain trap species it will not
depend on external parameters like filling conditions, starting
temperatureT0 or sample thickness. We carefully checked
the spectra under several experimental conditions and could
demonstrate the demanded independence.
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PPV was synthesized via the precursor route as de-
scribed by Heroldet al.10 Films were cast with a draw bar
technique onto the anode substrates which consisted either of
commercial indium-tin-oxide substrates or of glass substrates
coated with Au. The PPV precursor was converted onto the
anode substrates at about 165 °C in vacuum (1022 mbar! or
under argon atmosphere. On top of the devices, an Al cath-
ode was evaporated at 1026 mbar. While the samples were
mounted into the cryostat, they were exposed to air for less
than 1 h. All devices investigated here had an active area of
0.25 cm2.
III. ANALYSIS OF TSC SPECTRA
The method of TSC has been widely used to determine
the density and energy distribution of trap states in inorganic
semiconductors, organic molecular crystals, and polymeric
photoconductors.11–14 The experiment consists of filling the
trap states at low temperature either by passing a current
through the sample or by photoexcitation, then heating the
sample in the dark at a constant rate with or without external
field. As the traps are released, a current is measured and
characteristic peaks are observed. By integrating the released
current over time, the amount of trapped charges is obtained
and knowing the volume of the sample one can estimate the
average trap density.
The origin of the detected peaks depends on the trans-
port properties of the investigated material. In the conven-
tional semiconductor model, the TSC peaks arise from the
increased number of free carriers which are released ther-
mally by detrapping. So, the temperature where a current
peak occurs is correlated to the energetic depth of the corre-
sponding trap state. In hopping transport systems, carriers
move by thermally assisted tunneling from one localized
state to another without ever moving in extended band states.
According to a model proposed by Chen,15 the detected TSC
peak is interpreted as thermally induced time-of-flight of car-
riers. This approach allows one to derive information on the
thermally activated mobility of charge carriers in the solid.
As a consequence of this interpretation the peak position on
the temperature scale is field and thickness dependent. Fur-
thermore, hopping of one type of carriers should give rise to
only a single-peak TSC curve, except for charge carrier
groups with significantly different mobilities. This theory has
been successfully applied to polyvinylcarbazole as model
system for hopping transport.11
The transport process of PPV should be polaronic.16 The
measured charge carrier mobilities are relatively low
(1025 cm2/V s at F5105 V/cm and 300 K!17 and thus in a
range typical for materials with predominating hopping
transport. However, for our data analysis we followed the
classical approach from Haering and Adams,18 and Cowell
and Woods,19 since our measurements indicate no significant
thickness dependence of the TSC peak position. Further-
more, we detected several peaks which are partially en-
hanced while storing the sample in air. These are strong hints
that the measured peaks arise from detrapping of carriers
from distinct trap levels and not from thermally induced
time-of-flight.
The essential idea of the TSC technique can be under-
stood by considering the simplest case of unipolar carrier
trapping in one discrete trap level.18,19 The following de-
cription is valid for electron traps but can be transferred to
hole traps, too. The probabilityt t
21 for detrapping an elec-




wheren is the ‘‘attempt-to-escape’’ frequency,EC the con-
duction band edge andEt the trap energy. After the charging
process the densities of free carriersn(t) and trapped carriers










if a spatial variation ofnt is neglected. The first term on the
right hand side represents the rate of change of the trapped
electron density, and the second term the recombination of
free charge carriers wheret is the average lifetime of a free
carrier until recombination. The variation of the trapped car-







where v is the thermal velocity,St the trap capture cross
section andNt the total concentration of available traps. If
one assumes that the free electron lifetimet is small as com-
pared to the residence time of the trapped charge carrier,
which means that detrapped electrons recombine almost im-
mediately and retrapping is negligible, Eqs.~2! and ~3! re-















wheree is the elementary charge and a constant mobilitym
is assumed. If the specimen is heated at a constant rate
b5dT/dt, integration of Eq.~4! givesnt(T) and finally,
s~T!5nt0temnexpF2 DEkT 2ET0T nb expS 2 DEkT8D dT8G ,
~6!
where nt0 denotes the density of filled traps at the initial
temperatureT0 . Cowell and Woods have shown that re-
peated integration by parts of the integral in Eq.~6! leads to
a convergent infinite series. SinceDE/kT.1 is valid in all
practical cases, a good approximation fors(T) can be ob-
tained then by skipping all but the first term in the series.
Equation~6! then becomes:19
s5A exp@2Q2Bexp~2Q!Q22# ~7!
with A5nttemn, B5nDE/bk and Q5DE/kT. B is ob-
tained through differentiation of Eq.~7!:
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B5exp~Qm!Qm
2 , ~8!
whereTm represents the temperature at the peak maximum
andQm5DE/kTm . Equations~7! and~8! were used for nu-
merical curve fitting with three fitting parametersTm , A and
DE. In our evaluation we concentrate only on the energetic
depth of the observed trap states, since we do not have suf-
ficient information on the capture cross section and carrier
lifetimes in PPV.
In the above model, the rate equation~3! was solved in
the limit of slow retrapping@t21@(Nt2nt)Stv# which is
appropriate for fast electron-hole recombination. In the limit
of fast retrapping@t21!(Nt2nt)Stv#, the solution of the
rate equation leads to expressions for the thermally stimu-
lated conductivity which are very similar to Eqs.~6! and
~7!.19 Only the peak width is slightly influenced but not the
position of the peak. As expected, a test of fitting the mea-
sured data with equations for both retrapping kinetics gave
no significant differences for the obtained parameters.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Doping of PPV by the ITO substrate
Our investigations on light-emitting diodes based on pre-
cursor PPV applying electrical methods as well as analytical
techniques have shown that chemical reactions of the precur-
sor leaving groups~especially HCl! with the underlying sub-
strate can occur during the thermal conversion.5–9 Depending
on the reactivity of the substrate material, device character-
istics can vary between a Schottky diode and a metal-
insulator-metal device. This indicates that the density of ion-
izable states within the band gap depends on the device
preparation conditions. The most direct evidence for doping
of PPV during the thermal conversion process comes from
capacitance–voltage measurements in reverse-bias direction,
which are shown in Fig. 1 for ITO and Au substrates. The
fabrication on Au substrates leads to insulating material with
a voltage independent capacitance corresponding to the di-
electric constant of the polymer. In contrast, PPV devices
fabricated on ITO substrates show the behavior of a doped
organic semiconductor with a strongly voltage dependent ca-
pacitanceC(V). The linear dependency of 1/C2 vs voltage
~for V,1.3V) shown in the inset of Fig. 1 suggests that the
device capacitance can be described in analogy to conven-




whereA is the device area,e0 the vacuum permittivity,e the
high frequency dielectric constant,NA the ionized acceptor
concentration andVD the diffusion voltage. Using this equa-
tion the data shown in Fig. 1 yield an ionized acceptor den-
sity of NA52.3310
16 cm23. Evaluation of a series of
samples from different polymer batches gives dopant con-
centrations typically in the range of 1016– 1017 cm23.7,8 Re-
cent temperature dependent studies of impedance spectra
have furthermore revealed that the temperature dependence
of the acceptor density can be described with an acceptor
energy between 0.16 and 0.2 eV relative to the valence
band.21
In order to get independent information about the density
and energy levels of states created by the chemical reaction
of the PPV precursor leaving groups with the substrate, we
performed TSC measurements on devices with different an-
odes. Figure 2 shows a comparison of TSC spectra of ITO/
PPV/Al and Au/PPV/Al devices in the temperature range
from 40 to 200 K. Both samples had a PPV layer thickness
of about 600 nm and the trap filling was performed identi-
cally, passing a current of 10mA at 10 K for 5 min through
the device. The curves were recorded at a heating rate of
about 5 K/min. While there is no TSC signal detectable
within our experimental resolution (10213A) when Au is
used as anode, the sample with ITO clearly shows a peak at
about 122 K. Thus, the elimination of PPV on ITO substrates
creates at least one trap state in the polymer which can be
detected with TSC. The TSC spectrum of the ITO sample
was analyzed by the method of Cowell and Woods. A suit-
able fit can be obtained by a superposition of two TSC peaks
FIG. 1. Comparison of capacitance–voltage characteristics of an ITO/
PPV/Al and a Au/PPV/Al device. The inset shows the 1/C2 plot for the
ITO/PPV/Al device together with a linear fit yielding the ionized acceptor
density. Measurements were performed with a Hewlett Packard 4194A im-
pedance analyzer at a test frequency of 111 Hz~for details see Ref. 7!.
FIG. 2. Comparison of TSC spectra of an ITO/PPV/Al and a Au/PPV/Al
device. Both samples were measured simultaneously after identical trap fill-
ing. The spectrum of the ITO device can be fitted after Cowell and Woods
~see Ref. 19! by a superposition of two peaks.
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as shown by the solid line in Fig. 2. The least-squares fit
gives a trap depth ofDE50.18 eV (Tmax5122 K! for the
narrow peak 1. For the second underlying broader peak 2, a
trap depth of aboutDE 5 0.03 eV is obtained. The values
vary from sample to sample typically between 0.03 and 0.05
eV for peak 2 and for peak 1 between 0.13 and 0.18 eV.
The integral of the TSC currentI (t) over time t yields
the amount of detrapped chargesQt . If all traps are filled at
low temperature, the integral gives the density of releasable
traps. Hence, the peak height of the thermally stimulated
current depends on the degree of trap filling as well, as it is
shown in Fig. 3. All spectra therein were obtained from a
single ITO/PPV/Al sample where trap filling was performed
with different currentsI fill . The fill current was applied for 5
min and the heating rate was 5 K/min in all cases. The peak
height I max increases with increasing fill current from about
10 pA atI fill 51 nA to 58 pA atI fill 550 mA. At a fill current
of I fill 5200 mA I max dropped to 45 pA. In the insert of Fig.
3 the released chargeQt5* I (t)dt is drawn as a function of
the fill current I fill on a logarithmic scale.Qt saturates at a
level of 2531029 C which corresponds to an average den-
sity of releasable traps ofnt51.2310
16 cm23. This is about
the same density as the dopant concentrationNA which we
have obtained from the capacitance–voltage measurements
shown in Fig. 1 and reported previously.7,8 These numbers
suggest that the ITO related trap states are responsible for the
p-type doping of PPV and hence for the observed Schottky-
diode behavior of ITO/PPV/metal LEDs. In the case of the
Au devices, no such peak structure is observable in this tem-
perature range, which correlates well with the absence of a
voltage dependent capacitance and an increased bulk resis-
tance of the LEDs with Au anode. The dopant concentration
in PPV converted on Au is estimated to be below
1015 cm23.8
B. Influence of the conversion conditions
The method of thermally stimulated currents is even sen-
sitive enough to detect differences in the elimination condi-
tions of PPV. Figure 4 depicts the TSC curves of two PPV
LEDs in the configuration ITO/PPV/Al which differ from
each other only by the conversion conditions of the PPV
precursor. One sample~circles! was converted under vacuum
(1022 mbar) and the second one~triangles! in argon atmo-
sphere, both at 165 °C for 2 h. The TSC curve of the sample
eliminated under vacuum is already described in Fig. 2. In
contrast, the TSC spectrum of the device with PPV con-
verted in Ar atmosphere reveals two clearly separated peaks
at about 105 and 130 K. The curve fit leads to corresponding
trap energies ofDE50.06 eV (Tmax5105 K! and DE
50.13 eV (Tmax5130 K!. The fact that these peaks are
broadened as compared to the TSC spectrum of the vacuum
eliminated sample is a hint for a broader energetic distribu-
tion of trap states in the material converted in argon. The
amount of released charge carriers and therefore the esti-
mated trap densities are nearly the same in both devices.
Thus it is not astonishing that the PPV devices fabricated
under different conversion conditions do not show significant
differences in their electrical behavior~current–voltage and
capacitance–voltage measurements!.6,7
C. Environmentally induced traps
In the TSC spectra shown so far in this article data were
only plotted up to a temperature of 200 K. Between 200 and
300 K further peaks appear in the spectra independent of the
chosen anode substrates. As an example, we show in Fig. 5
the complete TSC spectrum of an ITO/PPV/Al device~PPV
converted in Ar atmosphere! between 5 and 250 K. In addi-
tion to the already discussed peaks originating from the re-
action with the ITO substrate~peaks 1 and 2!, there are two
narrow peaks in the temperature range above 200 K. The
corresponding trap energies are about 0.9 and 1.0 eV for
peaks 3 and 4, respectively. We have found that the relative
peak height, width and position can vary from sample to
sample and also depend on the device history. For the trap
energies values between 0.6 and 0.9 eV for peak 3 and be-
tween 0.9 and 1.0 eV for peak 4 have been obtained. These
energies are similar to the activation energy obtained from
temperature dependent conductivity and mobility
measurements.16,17 The small width of the TSC peaks 3 and
FIG. 3. TSC spectra of an ITO/PPV/Al device for different trap filling
currents. The inset shows the dependence of the released amount of charges
on the fill current.
FIG. 4. TSC spectra of ITO/PPV/Al devices for different conversion con-
ditions. Both samples were measured simultaneously after identical trap
filling.
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4 in Fig. 5 indicates the existence of rather distinct trap lev-
els. Nevertheless, a distribution of trap states cannot be fully
excluded. However, the data analysis used here does not al-
low to make a quantitative estimate of the width of the dis-
tribution.
Motivated by the fact that the electrical conductivity of
PPV is very sensitive to oxygen exposure~as discussed in
the introduction!, we have studied the influence of air on the
deep trap states. In Fig. 6 a series of TSC spectra of a Au/
PPV/Al sample are shown as the device was exposed to dif-
ferent environmental conditions. After preparation~i air!
the thermally stimulated current showed at least two distinct
peaks at around 230 and 240 K. After the device had been
kept at ambient atmosphere for one day, one broad peak
structure with an increase of current by about a factor of 6
was measured. The individual peaks cannot be resolved,
however, weak shoulders indicate still a superposition of
several TSC peaks. A quantitative analysis of these TSC
peaks is difficult and not very accurate because of the super-
position of several peaks and dynamical changes during the
experiment. Approximations give values for the trap depths
of these environmentally induced traps in the same range as
those in Fig. 5. The density of releasable traps has increased
while the device was stored in air up to 431017 cm23. This
density is roughly an order of magnitude higher than the
density obtained for the ITO induced peaks discussed before.
After this experiment, the sample was exposed to vacuum
~1024 mbar! for 1 h. In the succeedingly measured TSC
spectra, the peaks had disappeared below the measurement
limit. By exposing the sample to pure oxygen the formation
of the peak structure could be observed again. This experi-
ment illustrates the reversibility of the reaction with oxygen.
Thus the major amount of traps caused by oxidation are due
to loosely bound agents instead of covalent bonds. The large
trap density of the order of 1017 cm23 explains the conduc-
tivity increase when pristine PPV is exposed to air.3
D. Comparison with other TSC measurements on PPV
Earlier TSC measurements on PPV have been reported
by Onodaet al.,22 who investigated the influence of film
stretching on trap states. Nguyent al.23 used this method to
study the conduction mechanism in PPV films and interfacial
effects at PPV-metal contacts. Both groups performed their
investigations on device structures which were different to
the ones investigated in this publication. Onodaet al. found
two TSC peaks in free standing films corresponding to trap
energies of about 0.36 and 0.55 eV. The origin of the peaks
is explained by impurities caused by the precursor route and
by structural disorder of the PPV. Nguyent al. fabricated
metal/PPV/metal decives to measure TSC spectra. They de-
tected up to three peaks with energies of about 0.36, 0.68 and
0.82 eV which they attributed to interface states at the PPV/
metal electrode and a bulk trap level which is responsible for
the charge transport in PPV.
A direct comparison with our results is difficult since it
is known that the electrical properties of PPV films and de-
vices depend on the details of the precursor synthesis and the
conversion conditions. The measured trap energies are com-
parable to the deep traps determined in this work although
the microscopic origin seems to be different. The absence of
shallow traps in the literature is understandable because ITO
was not used as substrate material.
V. SUMMARY
Our results show that the method of thermally stimulated
currents can be usefully applied to LEDs based on PPV. In
samples prepared from precursor PPV two kinds of traps
could be detected. Trapping sites with deep levels between
0.6 and 1 eV and densities up to 1017 cm23 could be attrib-
uted to the oxidizing effect of air, i.e., most likely oxygen.
The second group of traps consisting of two trap states with
an average trap depth of about 0.03–0.06 and 0.13–0.18 eV
is caused by a chemical reaction of the ITO substrate with
HCl developing during the thermal elimination reaction of
the PPV precursor. The estimated trap density is comparable
to the value measured by the capacitance–voltage analysis.
Carriers in these states are easy to ionize which leads to a
depletion layer at the polymer-metal~Ca, Al! interface simi-
lar to a Schottky diode. In contrast, Au/PPV devices show no
peak structures in this energy range indicating that there is
FIG. 5. Complete TSC spectrum of an ITO/PPV/Al device~PPV converted
in Ar atmosphere!.
FIG. 6. TSC spectra of a Au/PPV/Al device obtained as prepared, after one
day storage in air and after 1 h evacuation. Data of the sample stored in air
(s) are divided by a factor of 5 for better visualization.
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no doping by the substrate and therefore no significant
capacitance–voltage dependence. As a consequence Au/PPV
devices do not exhibit Schottky-like behavior. The TSC mea-
surements thus give a valuable contribution to the under-
standing of charge transport and the device physics in PPV
light-emitting devices.
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